The macroscale behavior of architected materials stems from the geometric design in addition to the inherent material properties of their constituents. Such designed materials are useful to control wave propagation by tailoring the physical and geometric properties of the structure. Although demonstration of unique acoustic behavior is achieved more simply in air, there is increasing interest in the field of underwater acoustic metamaterials. 1 Recent studies have employed underwater metamaterials to tailor specific material properties, [2] [3] [4] which can be useful for focusing, 5,6 absorption, 7, 8 and bending [9] [10] [11] of acoustic signals.
Often, the functionality of these structures is limited to the fabricated configuration, but tunable materials offer additional freedoms that can be exploited in acoustic applications. Buckling instabilities provide a mechanism to tailor the mechanical behavior with deformation, such as through large, reversible changes in shape [12] [13] [14] [15] [16] [17] [18] and auxetic behavior. [19] [20] [21] [22] [23] The wave propagation through lattices with mechanical instabilities has been shown to vary as a function of deformation, 19, 20, [24] [25] [26] [27] [28] [29] but has been limited thus far to studies in air.
One prominent design of interest is an elastic lattice with a high volume fraction of periodic holes. The high volume fraction yields thin ligaments between the holes that buckle upon deformation, resulting in significant shape changes. For a square lattice arrangement, the holes collapse into an alternating pattern characteristic of the first buckled mode. 12 Often, soft elastomers are used to achieve the desired buckling at low applied forces, and previous studies focused on nonlinear deformations 12 and the influence of varying physical and geometric properties. [14] [15] [16] [20] [21] [22] [23] [24] Wave propagation is predominantly studied using Bloch-Floquet analysis for infinite lattices to obtain band diagrams 24, 25 or using semi-infinite transmission models in onedimension. 20 The shape change can induce widening or shifting of the frequency range of bandgaps for which there is little or no transmission 25 and influence the directionality of propagating waves. 24 Dynamic measurements for lattices undergoing pattern transformations have thus far been predominately for low-frequency, vibration excitations in air. 30, 31 This Letter explores whether the pattern deformation of such structures can be applied to an underwater acoustic experiment. Of specific interest is the study of acoustic propagation in the 50 kHz-80 kHz frequency range through finite-sized scattering particles with length scales comparable to the incident acoustic wavelengths. The scattering sample is fabricated from a rigid plastic with low loss, which leverages its shape memory characteristic to tune the acoustic transmission with different deformation states. The measured wave propagation underwater stems predominately from the coherent scattering between the airfilled holes.
Our experiment differs from previous demonstrations, which relied on soft elastomers to achieve the desired buckling without damage at low applied forces 12, 24 and measured in-air, subwavelength vibrations through the lattice. 30 Although shape memory polymers were utilized to achieve similar pattern transformations on the nanoscale, 28 they have not been studied in the context of a tunable underwater acoustic experiment for finite scatterers.
The sample, shown in the initial configuration in Fig. 1(a) , is fabricated using a Stratasys J750 Polyjet printer from RGD850, commonly called VeroGray. The square lattice consists of 6 Â 6 unit cells with 5 mm radius circular holes, a center-to-center spacing between adjacent holes of 11.5 mm, and a volume fraction of 59%. The entire structure is uniformly extruded a distance of 50 mm and is cut through the center of the holes of the outer edge for ease of deformation. To enable the use of a non-soft elastomer, a stiff, shape memory polymer is used. When the structure is heated above its glass transition temperature, it becomes compliant enough to buckle into the desired configuration without fracture. The sample is heated in an oven to 120 C, then compressed in a vise clamp with 1=4À in. aluminum plates larger than the sample, and rapidly cooled to room temperature within the clamp to freeze in the deformation. The deformed sample, shown in Fig. 1(b) , corresponds to a maximum strain of approximately 9%. Edge effects result in non-uniform deformation, which stems from a combination of non-uniform heating and cooling throughout the sample, deflection of the aluminum plates on the vise clamp as the sample is compressed, and the small scale of the overall structure. The deformed sample returns to the initial shape upon reheating above the glass transition temperature. In Fig. 1(c) , the reheated sample resembles the initial shown in Fig. 1(a) , which demonstrates that the deformation of the chosen design and material is recoverable and could be repeated.
There is a much smaller contrast in the acoustic impedance of VeroGray (Z p ) with respect to water (Z w ) than for air (Z a ), where Z p % 1:8Z w and Z a % 3 Â 10 À4 Z w . Therefore, the propagation is dominated by scattering from the distribution of air-filled holes. An external clamping mechanism, shown with the schematic in Fig. 1(d) , is fabricated to both suspend the sample underwater and provide a water-tight seal along the open holes. The holder was fabricated using Stratasys RGD515/RGD531 in four parts and then assembled with nylon screws to limit the acoustic scattering from the holder itself. The left and right plates include shallow inserts that were filled with a soft elastomer (Smooth-On EcoFlex 00-20) cured directly onto it, as highlighted in Fig.  1(d) . When the sides are screwed into the top and bottom plates with a sample between them, the soft elastomer seals the holes to ensure they remain air-filled even while underwater. The air-filled sample is positively buoyant in water, and the use of a rigid structure ensures the holder is positioned at the same location for all experimental measurements. The black dotted line in Fig. 1(d) denotes the mid-plane in the yÀ direction for which the measurements are obtained.
The schematic in Fig. 1 (e) depicts the experimental setup in the xz-plane for the water-filled measurement tank with dimensions 1.2 m Â 1.5 m Â 1.2 m. The source is an Ultran GS100-D50 piezoelectric transducer with a 50 mm diameter active element. The source signal is a tapered, swept sine wave from 45 to 90 kHz, with a duration of 0.2 ms. The sample is suspended near the center of the tank within the holder and is in the far-field of the source. The receiver, a Teledyne Reson TC4038 hydrophone, is mounted to a motorized positioning system that allows the hydrophone to scan in three-dimensions (3D). The 100 mm Â 100 mm scan in the xz-plane is centered in the midplane of the sample, as denoted by the dashed box in Fig. 1 (e). Measurements are taken in 4 mm increments in both the xÀ and zÀ directions at a sample rate of 4 MHz.
Numerical modeling helps inform the design of the lattice and experiment and allows for model-data comparison to verify the measured wave phenomena. The simulations were performed in the frequency domain in two-dimensions (2D) using the finite element method (FEM) software COMSOL. Geometric features, such as the lattice spacing and hole radius, influence the relevant frequency ranges where deformation induces a change in acoustic transmission, and simple, semi-infinite models are employed to determine an appropriate design. For the model-data comparison, the computational domain is similar to that shown in Fig. 1(e) , with the addition of perfectly matched layers on all sides to eliminate reflections. The source is modeled with a 50 mm boundary line that behaves as a pressure source for a time-harmonic excitation. The 2D FEM model assumes the domains are infinite in the out-of-plane (yÀ) direction, which is an imperfect assumption for the 50 mm tall sample and 50 mm diameter transducer. However, 2D models avoid the computational difficulties of fully rendered 3D simulations and are employed here for qualitative comparison despite the potential error that results from neglecting the finite, out-of-plane wave phenomena.
Sound pressure level measurements are obtained for the (1) initial undeformed, (2) deformed, and (3) reheated undeformed configurations as shown in Figs. 1(a)-1(c) , respectively. Since the samples are on the order of the incident wavelengths, there is significant diffraction around the sample and holder. To minimize scattering effects of the holder, the sound pressure level in the frequency domain is also measured for the holder only and is then subtracted from the data of the samples to obtain a differential sound pressure level (DSPL). In the FEM models, DSPL is calculated for two cases, the deformed and undeformed states relative to a holder only reference simulation. The measured DSPL for the undeformed and deformed configurations is compared with the numerical simulations in Figs. 2-4 .
The DSPL in dB evaluated as a function of frequency in the near field is first considered in Fig. 2(a) for the simulation and Fig. 2(b) for the measurements. Since significant diffraction occurs around the single scatterer, quantitative comparisons between the 2D FEM model and 3D measurements are difficult. To minimize the influence of the out-of-plane diffraction, we examine the average DSPL of a region close to the centerline of propagation in the zÀ direction for both the simulation and the measurement. The simulation results in Fig. 2(a) are obtained by averaging the total pressure over 8 mm positioned near the sample, which is represented by the line labeled "average pressure" in Fig. 1(e) . For the measurements shown in Fig. 2(b) , the DSPL is obtained by averaging the pressure from 3 discrete measurement positions (at z ¼ 46 mm, 50 mm, and 54 mm) relative to the origin shown in Fig. 1(e) . The filled circles represent the undeformed case, the open squares are for the deformed case, and the open circles correspond to the undeformed state achieved by reheating the deformed sample.
Although there are differences in the magnitude between Figs. 2(a) and 2(b), there is strong qualitative agreement between the measured data and the numerical simulation. Two frequency bands are highlighted with gray boxes in Figs. 2(a) and 2(b) to demonstrate the acoustic switching behavior in the near field as a function of deformation. The particle clearly behaves as an acoustic switch near 55 kHz and 72 kHz in both the simulated and measured data, where the deformation transitions the scatterer from opaque to transparent. At other frequencies, such as 63 kHz and 78 kHz, comparable transmission between the undeformed and deformed states is observed in both Figs. 2(a) and 2(b). Furthermore, a similar trend appears in Fig. 2(b) for the undeformed measurements corresponding to the initial and reheated samples. Differences between the two measurements, especially near 53 kHz, suggest some limitations in the recovery from the deformed state to the initial configuration due to strain stored in the sample upon reheating.
As illustrated by the black dashed lines in Figs. 2(a) and 2(b) , acoustic switching is exhibited at f ¼ 55 kHz, whereas f ¼ 63 kHz corresponds to similar transmission between the two deformation sates. To further compare the change in transmission as a function of deformation, the pressure magnitude in space is considered for these two frequencies. The DSPL in dB is shown in Fig. 3 at 55 kHz and Fig.  4 at 63 kHz for the (a) simulated undeformed case, (b) simulated deformed case, (c) measured initial undeformed case, (d) measured deformed case, and (e) measured reheated, undeformed case. In each subfigure, a graphic of the respective sample is centered at z ¼ 50 mm and overlaid on the pressure fields. Boxes representing the sample holder appear above and below the sample schematic. The black box highlights the hydrophone scan region to denote the corresponding locations in the simulation and measurement. The colorbars are the same for all figures in both Figs. 3 and 4 .
In Fig. 3 , the simulation indicates there is strong transmission through the deformed sample, but little transmission through the undeformed sample. The scattered field within the black box shows a mainlobe near z ¼ 50 mm with two side lobes for both cases, which is more apparent in Fig. 3 (b) than in Fig. 3(a) . A similar scattering pattern is observed in the measured data in Figs. 3(c) and 3(d) . There is some energy in the side lobes measured for the undeformed sample in Fig. 3(c) , especially near the outer edges of the scan region. However, more transmission appears through the deformed structure shown in Applied Physics Letters ARTICLE scitation.org/journal/apl Fig. 3(d) , as evident by the average increase in the pressure magnitude in the mainlobe and the side lobes, especially near to the sample. The measured pressure fields shown in Figs. 3(c) and 3(e) are very similar, which illustrate that the direct transmission through sample again decreases when the deformed sample is reheated to an undeformed state. At f ¼ 63 kHz, the DSPL from Fig. 2 suggests that the pressure fields for the undeformed and deformed cases should be similar. The simulated pressure fields shown in Figs. 4(a) and 4(b) for the undeformed and deformed cases appear relatively similar in character of the diffracted pattern and magnitude, respectively. The same is true of the DSPL for the undeformed, deformed, and reheated undeformed samples in (c)-(e), respectively. There are differences in the diffraction pattern of the simulated and measured results, especially near the edges of the box denoted in the hydrophone scan region. However, the similarity for undeformed and deformed cases suggests strong qualitative agreement between the expected transmission through a semiinfinite sample and that of a finite, 50 mm tall one undergoing repeated pattern transformations.
There are several factors contributing to the quantitative difference between the FEM simulation and the measured data. The measurements correspond to a 3D scattering object with features on the order of the incident wavelengths in water. However, the 2D simulations are finite in-plane and infinite out-of-plane, which yields results that neglect diffraction around the sides of the sample holder. The out-of-plane scattered field contributes strongly to the increase in the magnitude near the edge of the scan region in Figs. 3(c)-3(e) and 4(c)-4(e), which is not present in the simulated response. Another potential source of error is the soft elastomer in the holder that seals air-filled holes. This can create additional boundaries for the acoustic wave to scatter off and possess higher loss than the sample itself and is not included in the simulation because it exists out-of-plane. Additionally, the uncertainty in the material properties of the lattice itself, especially after repeated heating and prolonged exposure to water, and the non-uniform deformation of the sample could also influence the transmitted acoustic behavior relative to the assumed shape and material properties in the simulations.
In verifying that acoustic switching can be achieved underwater with a shape memory polymer, this preliminary study opens several avenues of future exploration. The present analysis neglects any possible change in the material properties due to cyclic heating and deformation, as well as water absorption. Characterizing the effects of the different loading conditions will allow increased understanding of the shape memory effects on the underwater acoustic response. Additionally, the samples utilized in this work allow for ease of fabrication and deformation, which results in the acoustic switching in a frequency range that is more difficult to model with 3D finite elements due to the discretization requirements. Although higher frequency computational methods or multiple scattering techniques may be helpful in quantifying the response finite sized scatterers on the order of the incident wavelength, there are still implementation difficulties, especially for the deformed shape of the structure. The study of alternative samples instead will allow for more predictive modeling capabilities and direct comparisons of experimental results with numerical models, such as larger samples that limit diffraction around the edges and from the sample holder that more closely resembles the 2D FEM model or finite-sized, subwavelength samples designed for frequencies that are more tractable to model using the FEM in 3D or homogenization methods.
In summary, a programmable, finite, acoustic scattering particle for underwater use was fabricated using 3D printing techniques. Using this design, we demonstrated the activation of, and recovery from, different acoustic propagation states through external mechanical and thermal loading. Although previous studies focused primarily on numerical simulations and in-air experiments for elastic waves excited by mechanical vibrations in soft lattices, this work illustrates the applicability of using finite-scale acoustic lattice structures to control underwater scattering. Despite imperfect assumptions imposed by computational constraints, we have shown general agreement between 2D FEM scattering models and measured pressure field data, verifying our initial design concepts. The measured pressure fields prove that deformation-induced, subwavelength scale internal buckling results in switching between states of high and low transmission for wavelengthscale polymer lattices underwater. These results open the door to designing future tunable aqueous scattering particles that can be used as building blocks for materials with arrays of externally tailored acoustic properties.
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